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Abstract 
Process modelling has increasingly become the basis for the quantitative design and evaluation of chemical processes 
in general and CO2-capture processes in particular.  How good are the available tools?  Where are they weak and 
where are they strong?  Which data are best to develop reliable models?  How accurate should the data be?  How 
large should the safety factors be?  An effective way to answer these important questions is through uncertainty 
analysis, and this work attempts to do so.  The approach taken here is first to ensure that the model used properly 
meets asymptotic limits (e.g., predicts equilibrium behavior for high kinetics or long contact times), and then to 
devise practical perturbation variables that provide quantitative engineering insight into process uncertainties.  Our 
preliminary results indicate that uncertainty analysis can help evaluate the reliability and accuracy of the process 
models used for solvent-based CO2 capture.  
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1. Introduction 
Process modelling is an increasingly important tool for the design, evaluation and trouble shooting of 
chemical processes.  The importance of process modelling is even more critical for CO2-capture processes 
than for other chemical processes because of the large energy requirements and capital costs.  As Adams 
and Davison,1 and Cousins et al.2 have pointed out, today’s post-combustion CO2-capture technology 
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typically reduces the thermal efficiency of a power station by about 20%, while the loss of product for the 
separation of CO2 from natural gas is usually about 2%  – a difference of one order of magnitude. 
 
There are many industrial, government and academic groups engaged in the development of new and 
improved processes for CO2 capture, and many modelling studies have been published.  The process 
improvements depend upon a complex combination of solvent characteristics and process innovations, 
and some of these have been described by Mathias et al.3   Quantitative comparison of the many existing 
and proposed processes is based upon process models.  There are several commercial software tools 
available and this makes computerized process modelling widely accessible, but the reliability and 
accuracy of these tools depends on the underlying property models.  Hence, it is useful to perform 
uncertainty analysis (i.e., quantitative error analysis), and in this paper we present our attempt to develop 
practical procedures to quantify the effect of property uncertainties on the performance of CO2-capture 
processes. 
 
Error propagation in process modelling is difficult because simply varying model parameters usually 
does not give meaningful answers from an engineering perspective.  For example, Mathias4 found that for 
physical vapor-liquid equilibrium models it is more productive to perturb the “effective activity 
coefficient” consistent with overall uncertainties rather than the model parameters.  Error propagation is 
far more complex in CO2 capture technology because many more fundamental processes need to be 
considered, namely phase equilibrium, enthalpy of solution, physical heat and mass transfer, chemical 
kinetics and absorption-column internals. 
 
Past studies of property uncertainty analysis have concluded that two outcomes are useful: (1) which 
properties are most important and in which part of the process; for example, Streich and Kistenmacher5 
found that for separations by distillation physical properties are of “unequal importance,” and tend to be 
most important for vapor-liquid equilibrium for separating  close-boiling compounds under low-
temperature conditions; and (2) what quantitative accuracy in property models is needed make process 
decisions; some results of this kind have been provided by Mathias.4  The purpose of the present work is 
to study these kinds of outcomes for CO2 capture by chemical solvents. 
 
This work has focused on a CO2-capture process using aqueous AMP (2-Amino-2-methyl-1-propanol, 
CAS Registry Number: 124-68-5) as the chemical solvent, and has used the model available from Aspen 
Technology, Inc.6 as the starting point.  First, the model was evaluated to determine whether it has the 
correct limiting behavior since perturbations will be confusing or even incorrect if the correct limiting 
behavior is not achieved.  Model improvements were made as needed.  Next several perturbations have 
been studied. These perturbation schemes have been used in a complete simulation model to answer two 
questions: (1) which properties are most important and in which part of the process, and (2) what 
quantitative accuracy in property models is needed make process decisions. 
 
While our results here are preliminary they are promising, and we hope that our work will encourage 
and eventually establish the use of quantitative uncertainty analysis in the modeling of CO2-capture 
process technology. 
2. Thermodynamic and Transport Properties.  Model Evaluation and Improvement 
The starting model was the one distributed by AspenTech, and Aspen Plus V7.3 has been used for the 
process calculations.  The documentation provided by AspenTech7  presents extensive comparisons 
between the model and experimental data.  The documentation states:  “The Rate-Based AMP model 
provides a rate-based rigorous simulation of the process.  Key features of this rigorous simulation include 
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electrolyte thermodynamics and solution chemistry, reaction kinetics for the liquid phase reactions, 
rigorous transport property modelling, rate-based multi-stage simulation with Aspen Rate-Based 
Distillation which incorporates heat and mass transfer correlations accounting for columns specifics and 
hydraulics.”  Evaluation of and modifications to the model are described in this section.  
 
The chemical absorption of CO2 by aqueous AMP solutions is represented by 5 chemical reactions 
(see Table 1), two of which are considered to be kinetically limiting, namely the reaction of CO2 with the 
hydroxyl anion to form the bicarbonate anion (Reaction 4), and the reaction among CO2, AMP and H2O 
to form the carbamate anion and the hydrated proton (Reaction 5).  The kinetics of Reactions 4 and 5 are 
needed to enable a quantitative description of the process, and these are discussed in the Section 3. 
 
Table 1.  Solution chemistry in absorption of CO2 by aqueous AMP. 
Reaction # Equilibrium/Kinetic Reaction 
1 Equilibrium AMPH+  +  H2O  ļ  AMP + H3O+ 
2 Equilibrium 2H2O  ļ  H3O+  +  OHí 
3 Equilibrium HCO3í  +  H2O  ļ  H3O+  +  CO3í 
4 Kinetic CO2  +  OH-   ļ  HCO3í   
5 Kinetic AMP  +  CO2   +  H2O  ļ  AMPCOO-  +   H3O+  
 
 
As a representative model evaluation, the calculated integral heat of solution is compared to the data 
of Arcis, Rodier and Coxam.8   Figure 1 presents comparisons between the AspenTech model and the 
calorimetric data for a 30 wt% AMP solution at 322.5 K.  Data are also available at 5.10 MPa, but these 
are not shown in Figure 1 because the measured heats of solution are insensitive to pressure.  Arcis et al. 
have also presented data for 15 wt% AMP solutions, and these are also not shown because the measured 
heats of solution are only weakly dependent on the AMP concentration.  Model calculations are only 
shown at 2.19 MPa because the calculated heats of solution at the other two pressures are essentially 
identical to the results at 2.19 MPa.  Model calculations are not presented at CO2 loadings exceeding 1.01 
as the calculated bubble pressure exceeds 2.19 MPa.  The magnitude of the calculated integral heat of 
solution is lower than the measured value, but the agreement is better than 10%, and this agreement is 
considered to be satisfactory.   The CO2 loadings of interest to CO2 capture processes are from about 0.1 
to 0.5. 
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Figure 1.  Integral heat of solution of CO2 in 30 wt% AMP at 322.5 K.  Comparison between data of Arcis, Rodier and Coxam8 and 
model calculations. 
 
 
The AspenTech model for thermodynamic properties has been used unchanged in this work.  The models 
for liquid density, surface tension and liquid thermal conductivity have also been adopted without change. 
An empirical model has been developed for liquid viscosity in order to enable perturbation studies.  Data 
for the viscosity of aqueous AMP solutions are available from Henni et al.9  These data have been fit to 
the following empirical model: 
 
 ݈݊ሺߤ஼ைଶி௥௘௘ሻ ൌ ݓ஺ெ௉݈݊ሺߤ஺ெ௉ሻ൅ ሺͳ െ ݓ஺ெ௉ሻ݈݊ሺߤுଶைሻ ൅ 
 
ݓ஺ெ௉ሺͳ െ ݓ஺ெ௉ሻൣ ఓܲଵ ൅ ݓ஺ெ௉ ఓܲଶ൧ (1) 
 
where, 
 
ߤ஼ைଶி௥௘௘ - Viscosity of the AMP-H2O (i.e., CO2 free) mixture at temperature T 
ߤ஺ெ௉ - Viscosity of pure AMP at the same temperature T 
ߤுଶ௢ - Viscosity of pure H2O at the same temperature T 
ݓ஺ெ௉ - Weight fraction of AMP in AMP-H2O mixture 
ఓܲଵ - Model parameter.  Regressed Value  =  -1.1634 
ఓܲଶ - Model parameter.  Regressed Value  =    2.4411 
 
Eq. 1 provides a good fit of the data of Henni et al.,9 as shown in Figure 2.  The experimental data at 
AMP mole fractions of about 0.3 and low temperatures (25 °C and 30 °C) appear to be outliers; for other 
conditions, the agreement between data and model is good, about ±10%. 
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Figure 2.  Viscosity of AMP-H2O mixtures.  The points are the data of Henni et al.,9 and the lines are the model represented by Eq. 
1. 
 
 
 
Figure 3.  Data from Weiland et al.10 for the effect of CO2 loading on the viscosity of aqueous MDEA mixtures at 298.15 K.  The 
lines are Excel trendlines. 
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No data were found in the open literature for the liquid viscosity of the CO2-AMP-H2O ternary 
mixture.  Some guidance for the effect of CO2 loading on the mixture viscosity may be inferred by 
studying the data patterns for the CO2-MDEA-H2O system in the paper by Weiland et al,10  and Figure 3 
suggests that the fractional increase in mixture viscosity is proportional to the CO2 loading. 
 
 
Figure 4.  Effect of using parameter Pμ4 to model the effect of CO2 loading on the viscosity of a 40 wt% AMO-H2O mixture. 
Based upon the above results, we propose the following perturbation model for the viscosity of the 
CO2-AMP-H2O ternary mixture: 
 
 
 ݈݊ሺߤ௠௜௫ሻ ൌ ݈݊ሺߤ஼ைଶி௥௘௘ሻ ൅ݓ஺ெ௉ሺͳ െ ݓ஺ெ௉ሻ ఓܲଷ ൅ ݈݊ൣͳ ൅ߙ஼ைଶ ఓܲସ൧ (2) 
 
In eq. 4, ݈݊ሺߤ஼ைଶி௥௘௘ሻ comes from Eq. 1, Pμ3 provides a parameter to perturb the viscosity of AMP-
H2O mixtures, and Pμ4 provides a parameter to account for the effect of CO2 loading.  Based upon the 
good results in Figure 2, we expect that Pμ3 should be quite low, say within ± 0.5.  Figure 3 suggests that 
the value of Pμ4 should be positive and perhaps as large as 0.5 or 1.0.  Figure 4 indicates how the 
parameter Pμ4 affects the estimated viscosity of CO2-AMP-H2O mixtures.  These two parameters will be 
used as viscosity perturbation variables in the model. 
 
3. Reaction Kinetics 
The AspenTech model uses power-law kinetics to represent the rates of Reactions 4 and 5. 
 
 
 ܴସ௉௅ ൌ  ݇ସ௙௉௅ܥ஼ைଶܥைுି െ݇ସ௕௉௅ܥு஼ைଷି (3) 
 
 ܴହ௉௅ ൌ  ݇ହ௙௉௅ܥ஼ைଶܥ஺ெ௉ െ݇ହ௕௉௅ܥ஺ெ௉஼ைைିܥுଷைା (4) 
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where, 
 
ܴସ௉௅ - Power Law rate for Reaction 4, kmol/m
3.s 
ܴହ௉௅ - Power Law rate for Reaction 5, kmol/m
3.s 
ܥ - Species concentration, kmol/m3 
݇ସ௙௉௅ - Power Law rate constant for forward Reaction 4, given by the Arrhenius 
expression, 4.32E13 * exp(-55.47/RT) 
݇ସ௕௉௅ - Power Law rate constant for backward Reaction 4, given by the Arrhenius 
expression, 2.38E17 * exp(-123.31/RT) 
݇ହ௙௉௅ - Power Law rate constant for forward Reaction 5, given by the Arrhenius 
expression, 1.00E09 * exp(-34.34/RT) 
݇ହ௕௉௅ - Power Law rate constant for backward Reaction 5, given by the Arrhenius 
expression, 1.52E20* exp(-53.14/RT) 
R - Gas constant, 0.008314462 kJ/mol.K 
 
 
Power-law models such as Eqs. 3 and 4 are often used to simulate the kinetics of reversible reactions, but 
we have found them to be problematic.  The reverse reaction is intended to ensure that the solution 
asymptotes to equilibrium.  However, the Arrhenius temperature-dependent expression is inadequate to 
mimic the more complicated temperature dependence of chemical equilibrium.  More importantly, there 
are no activity coefficients in Eqs. 3 and 4, and hence it is impossible to describe the complex 
composition dependence of the competing forward and backward reactions.  In this work we have 
adopted a rigorous framework to describe the backward reactions; note that the terms within the complex 
brackets in Eqs. 5 and 6 go to zero at chemical equilibrium. 
 
 ܴସ ൌ  ݇ସ଴݁ݔ݌ ቂെ
ܧସ
ܴൗ ቀ
ଵ
்
െ ଵ
బ்
ቁቃ ܥ஼ைଶܥைுି ൜ͳ െ
௔ಹ಴ೀయష
௔಴ೀమ௔ೀಹష௄ಶೂర
ൠ (5) 
 
 ܴହ ൌ  ݇ହ଴݁ݔ݌ ቂെ
ܧହ
ܴൗ ቀ
ଵ
்
െ ଵ
బ்
ቁቃ ܥ஼ைଶܥ஺ெ௉ ൜ͳ െ
௔ಲಾು಴ೀೀష௔ಹయೀశ
௔಴ೀమ௔ಲಾು௔ಹమೀ௄ಶೂఱ
ൠ (6) 
 
where, 
 
ܴସ - Rate for Reaction 4, kmol/m
3.s 
ܴହ - Rate for Reaction 5, kmol/m
3.s 
C - Species concentration, kmol/m3 
ܽ - Species activity, which is equal to the product of the mole fraction and the 
activity coefficient 
݇ସ଴ - Rate constant for forward Reaction 4 at the reference temperature of T0 
(here chosen as 313.15 K).  The value corresponding to the AspenTech 
power-law model is 24,149 m3/kmol.s 
݇ହ଴ - Rate constant for forward Reaction 5 at the reference temperature of T0 
(313.15 K).  The value corresponding to the AspenTech power-law model 
is 1,871 m3/kmol.s 
E4 - Activation energy of Reaction 4, here assumed to be 55.5 kJ/mol 
E5 - Activation energy of Reaction 5, here assumed to be 33.3 kJ/mol 
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ܭாொସ - Equilibrium constant for Reaction 4 
ܭாொହ - Equilibrium constant for Reaction 5 
R - Gas constant (0.008314462 kJ/mol.K) 
 
 
The forward rates for the power-law model and the rigorous rate models defined by Eqs. 5 and 6 can 
easily be the same, but, in addition, Eqs. 5 and 6 are guaranteed to rigorously asymptote to chemical 
equilibrium when the chemical kinetics are fast.  The kinetic model defined by Eqs. 5 and 6 has been 
implemented as a user model in Aspen Plus. 
 
In order to understand and test the differences between the power-law and rigorous reaction kinetic 
approaches, a study was done.  The same gas and liquid feeds were used for three absorbers, each of 
which have five stages, and the pressure was held constant at 101.325 kPa.  The gas feed was 4.585 
kmol/hr containing H2O, CO2 and N2 mole fractions of 0.078, 0.129 and 0.793, respectively, while the 
liquid feed consisted of 9.675, 0.1179 and 0.6936 kmol/hr of H2O, CO2 and AMP, respectively.  The first 
absorber was an equilibrium absorber, i.e., 5 theoretical stages.  The second and third absorbers were 
limited by reaction kinetics, but not by mass transfer, i.e., each tray is a CSTR.  The second absorber used 
power-law kinetics (Eqs. 3 and 4) while the third absorber used the rigorous kinetics (Eqs. 5 and 6).  The 
forward kinetic rates for Reactions 4 and 5 in the rigorous case were set equal to the power-law values.  
For the second and third absorbers the holdup volume was successively increased to test whether the 
kinetically-limited models asymptote to the equilibrium model at very large holdup volumes.  Figure 5 
clearly indicates that the model with the rigorous kinetic model correctly asymptotes to the equilibrium 
limit at very large holdup volumes while power-law asymptotes to an incorrect value.  As noted above, it 
is possible to adjust the backward reaction rates for the power-law model to agree with the equilibrium 
result for this particular case, but it is practically impossible to achieve consistent behavior with the 
simple power-law model for all cases, due to varying temperature as well as composition.  The results 
from power-law models must therefore be viewed with considerable scepticism, and we have concluded 
that they are not appropriate for a reliable sensitivity study, or even for a reliable process simulation. 
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Figure 5.  Fraction CO2 absorbed in three different absorbers. 
 
 
 
Figure 6.  Comparison of mole fractions of key species between the equilibrium and rigorous kinetic absorption models.  The solid 
lines show the varying compositions for the rigorous kinetic model as a function of holdup volume, while the dashed lines show the 
(constant) mole fractions of the equilibrium model. 
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Figure 6 further studies the absorption process at increasing holdup volumes by monitoring the mole 
fractions of key ionic species as a function of holdup volume.  Results are only presented for the rigorous 
kinetic model, which shows that the mole fractions of all species correctly asymptote to the equilibrium 
results at large holdup volumes.  Figure 6 also provides insight into the kinetics of CO2 absorption by 
AMP.  AMP is a hindered amine, which means that it forms only a limited amount of the carbamate 
anion.  The carbamate reaction is much faster than the bicarbonate reaction, and hence the carbamate 
mole fraction quickly jumps to a value in excess of its equilibrium value.  It is only at much large holdup 
volumes that the bicarbonate and carbonate mole fractions build up to their equilibrium values, with a 
corresponding decrease in the carbamate mole fraction.  The broad maximum in carbamate mole fraction 
in Figure 6 also explains the “shelf” in Figure 5 for holdups between 10-6 and 10-4 m3. 
 
4. Fitting of Reaction Kinetics Through Laboratory Pilot Plant Data 
 
 
 
 
The data presented by Gabrielsen et al.11 have been used to gain insight into the development of model 
parameters by fitting to laboratory pilot-plant data.  The absorber packing and conditions have been 
reported by Gabrielsen et al.11  The mass-transfer and interfacial-area correlations used are those of 
Bravo, Rocha and Fair,12 while the holdup correlations are those of Bravo, Rocha and Fair.13  Figure 7 
compares the performance of the power-law and rigorous kinetic models in describing the pilot-plant 
data; in this case the IAF (Interfacial Area Factor, factor on the calculated interfacial area) was adjusted to 
fit the data.  Figure 7 indicates that the rigorous kinetic model performs better than the power-law model 
particularly when the CO2 slip is high.  The power-law model likely estimate high values for CO2 mole 
fraction when the slip is high because it artificially restricts the chemical equilibrium (Figure 5).  
However, the IAF values for the power-law and rigorous kinetic models are 0.79 and 0.23, respectively, 
which means that the rigorous model requires a far stronger correction to represent the pilot plant data. In 
order to describe the pilot-plant data with the rigorous kinetic model, the k50 kinetic parameter (Eq. 5) has 
to be considerably reduced, from 1,871 to 24 2 m3/kmol.s.  If this reduced value is used, the parity chart 
with IAF=1 for the rigorous model is quantitatively similar to the one in Figure 7.  Additional studies 
were performed, for example using the correlations of Hanley and Chen,14 but these did not make 
significant differences.  Hence we have proceeded with using the rigorous kinetic model with k50  = 24.2 
m3/kmol.s and IAF=1.0 as the base model for perturbation studies. 
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Figure 7.  Parity chart showing performance of power-law and rigorous kinetic models to describe the pilot-plant data of Gabrielsen 
et al.11 
 
5. Perturbation Studies 
This section reports perturbation studies to understand the key sensitivities in the process model for CO2 
capture using AMP.  In summary, the process model as follows: 
 
x The starting model is the one provided by AspenTech. 
x The empirical liquid viscosity model defined by Eq. 1 has been used.  This enables an accurate 
description of the liquid viscosity of CO2-free mixtures, as well as the use of the parameters Pμ3 
and Pμ4 to perturb the calculated liquid viscosity for the CO2-AMP-H2O mixture. 
x Rigorous kinetics defined by Eqs. 5 and 6 have been used.  This ensures that the model correctly 
asymptotes to the equilibrium limit.  The reference-temperature rate constant of Reaction 5 (k50) 
has been modified to 24.2 m3/kmol.s since this value gives a good fit of the Gabrielsen et al.11 
pilot-plant data. 
x In the rate-based absorption and stripping all parameters (e.g., IAF, mass-transfer coefficients) 
have been set to their default values. 
 
In order to study the effect of perturbing the various parameters, a simulation model was set up based 
on a generic amine plant circulation loop.  The amine circulation loop, which is depicted in Figure 8, 
includes a packed Absorber column, packed Stripper column with reflux system, Cross Exchanger, Lean 
Solvent Cooler, Reboiler, and supporting solvent and reflux pumps.  A generic saturated flue gas 
containing 9 vol% CO2 is fed to the bottom of the Absorber column, where it reacts with the solvent to 
chemically remove the CO2 from the flue gas, leaving CO2-lean flue gas exiting the top of the column.  
CO2 rich solvent from the bottom of the Absorber is pumped through a Cross Exchanger where it is 
heated against hot lean solvent from the bottom of the Stripper.  The heated rich solvent is fed near the 
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top of the Stripper where it flows down the column, counter-current to stripping steam that is generated 
from Reboiler heat input.  Hot lean solvent from the bottom of the Stripper is pumped back through the 
Cross Exchanger, where it is partially cooled against the cold rich solvent, then through a lean solvent 
cooler where it is further cooled to a constant specified temperature before being fed back to the top of the 
Absorber.  
 
For this analysis, the column packing dimensions, solvent circulation rate, lean solvent loading and 
flue gas feed conditions were held constant.  Adjusting any of the described perturbation parameters 
resulted in a varying rich solvent loading, and therefore a varying CO2 removal rate.  The Reboiler duty 
was adjusted to maintain a constant lean solvent loading from the bottom of the Stripper, which was then 
fed back into the Absorber. 
 
 
Figure 8.  CO2 capture flowsheet used for perturbation studies. 
Figure 9 shows the effect of perturbing the kinetic constants for Reactions 4 and 5 (k40 and k50) on the 
relative plant performance; note that when k40 is varied, k50 is held at its base value, and vice versa.  As 
the kinetic constants increase CO2 absorption increases, while the Reboiler duty decreases, which, of 
course, is expected.  The carbamate reaction rate (Reaction 5, k50) has a larger effect on the process 
performance, and this result may be anticipated by reviewing Figure 5.  The effect of reaction kinetics 
here is quite small since reducing k40 by a factor of ten causes CO2 absorption to decrease by just 22% and 
the Reboiler duty to increase by only 11%.  These results suggest that the design is equilibrium limited, 
and this conclusion is tested by varying the equilibrium constants for Reactions 4 and 5, and these results 
are presented in Figure 10.  The perturbations of KEQ4 and KEQ5 in Figure 10 are analogous to the 
perturbations of k40 and k50 in Figure 9.  The equilibrium constant of Reaction 4 (bicarbonate formation, 
KEQ4) has a far greater effect on process performance than the equilibrium constant of Reaction 5 
(carbamate formation, KEQ5).  This is an expected result since AMP is a hindered amine, which sterically 
limits carbamate formation.  This result may be deduced from Figure 6, which indicates that the 
equilibrium mole fraction of bicarbonate is far larger than the equilibrium mole fraction of carbamate. 
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Figure 9.  Effect of kinetic rate constants of Reactions 4 and 5 (k40 and k50) on relative plant performance. 
Similar perturbations were performed by varying the mixture viscosity, i.e.,  parameters Pμ3 and Pμ4 in 
Eq. 2.  The effect of liquid-viscosity variation on CO2 absorption and Reboiler duty is very small when 
the range of variations in Figure 4 is used.  The conclusion is that the effect of viscosity uncertainty on 
mass transfer rates through the correlations of Bravo et al.12,13 is small.  Future studies will evaluate the 
effect of mixture viscosity on the required heat-exchanger area. 
 
This section has presented representative perturbation studies using the framework developed in this 
work.  Additional studies are underway, and these results will be presented in the future. 
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Figure 10.  Effect of equilibrium constants of reactions 4 and 5 (KEQ4 and KEQ5) on relative plant performance. 
6. Conclusions 
The purpose of this work has been to probe the value of uncertainty studies for the performance of 
CO2 capture processes estimated through process modelling.  A modelling framework has been developed 
such that properties such as chemical equilibrium, reaction kinetics and viscosity may be varied.  An 
important feature of the framework developed here is that the perturbed model will asymptote to the 
correct limit, and hence the effect of model perturbations reliable.  The framework has been demonstrated 
by studying the effect of chemical equilibrium and reaction kinetics on a CO2 capture process using AMP 
as the chemical solvent.  Additional perturbation studies are underway, and will be reported in the future.  
This study demonstrates that uncertainty analysis provides useful quantitative insight into the 
performance of CO2 capture processes. 
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